Collective cell movement is a mechanism for invasion identified in many developmental events. Examples include the movement of lateral-line neurons in Zebrafish, cells in the inner blastocyst, and metastasis of epithelial tumors [1] . One key model to study collective migration is the movement of border cell clusters in Drosophila. Drosophila egg chambers contain 15 nurse cells and a single oocyte surrounded by somatic follicle cells. At their anterior end, polar cells recruit several neighboring follicle cells to form the border cell cluster [2] . By stage 9, and over 6 hr, border cells migrate as a cohort between nurse cells toward the oocyte. The specification and directionality of border cell movement are regulated by hormonal and signaling mechanisms [3] . However, how border cells are held together while they migrate is not known. Here, we show that a negative-feedback loop controlling JNK activity regulates border cell cluster integrity. JNK signaling modulates contacts between border cells and between border cells and substratum to sustain collective migration by regulating several effectors including the polarity factor Bazooka and the cytoskeletal adaptor D-Paxillin. We anticipate a role for the JNK pathway in controlling collective cell movements in other morphogenetic and clinical models.
Collective cell movement is a mechanism for invasion identified in many developmental events. Examples include the movement of lateral-line neurons in Zebrafish, cells in the inner blastocyst, and metastasis of epithelial tumors [1] . One key model to study collective migration is the movement of border cell clusters in Drosophila. Drosophila egg chambers contain 15 nurse cells and a single oocyte surrounded by somatic follicle cells. At their anterior end, polar cells recruit several neighboring follicle cells to form the border cell cluster [2] . By stage 9, and over 6 hr, border cells migrate as a cohort between nurse cells toward the oocyte. The specification and directionality of border cell movement are regulated by hormonal and signaling mechanisms [3] . However, how border cells are held together while they migrate is not known. Here, we show that a negative-feedback loop controlling JNK activity regulates border cell cluster integrity. JNK signaling modulates contacts between border cells and between border cells and substratum to sustain collective migration by regulating several effectors including the polarity factor Bazooka and the cytoskeletal adaptor D-Paxillin. We anticipate a role for the JNK pathway in controlling collective cell movements in other morphogenetic and clinical models.
Results and Discussion

A JNK Signaling Negative-Feedback Loop Is Active in Border Cells
In our analysis of the mechanisms regulating the expression of puckered (puc), the gene encoding the Drosophila Jun N-terminal kinase (JNK) dual-specificity phosphatase (DSP) [4] , we uncovered regulatory sequences (PG2) directing its expression to border cells ( Figure 1A ). PG2 expands across the first and second introns of puc (Figure S1A available online), in which the puc B48 insertion is located [5] . This expression is also observed in puc enhancer (puc B48 ) [4] and protein trap lines [6] (Figures S1B and S1C ).
JNKs represent a signaling hub with pivotal functions in cell proliferation, differentiation, and death [7] . JNKs are inactivated by DSPs, and transcriptional induction of DSP expression is well documented as a negative-feedback mechanism. In Drosophila, this loop modulates JNK activity in processes such as epithelial expansion [8] and morphogenetic death [9] .
In border cells, mosaic analysis ( Figure 1C ) and overexpression of dominant-negative constructs ( Figure 1D ) reveal that puc expression (puc B48 ) relies on JNK signaling. This has also been observed by [10] . Further, Puc overexpression leads to inhibition of JNK activity (compare Figure 1E with Figure 1F ; Table S1 ). Thus, Puc implements a negative-feedback loop in border cells ( Figure 1B) .
JNK Activity Is Necessary in Border Cells for Maintaining Cluster Integrity and Allowing Collective Migration
Defects caused by the loss of JNK function in border cells included cluster dissociation and impaired motility (compare Figures 1G and 1H to Figures 1I, 1J , and 1L and Movie S1 to Movies S2 and S3; quantitative analyses in Figure 1K ). Instead of collectively following a leader cell, JNK-minus border cells autonomously disperse at the late step of migration, with most exhibiting long cellular extensions (LCEs) and actin-rich protrusions ( Figures 1J and 1L ). JNK signaling does not affect polar cell specification or border cell recruitment (not shown).
Dissociation phenotypes are also observed in JNK-specific but not ERK-specific loss-of-function conditions for D-Fos, a major MAPK target [11] (Figure S2 ), thereby ruling out potential interference via ERK. Indeed, reduced D-Fos suppresses border cell migration defects induced by elevated JNK activity [10] .
JNK Signaling Is Essential for Maintaining Apicobasal
Polarity and Regulates Border-Border and Border-Nurse Cell Adhesion Does JNK act in a linear pathway or does it target multiple independent effectors simultaneously to produce a multifaceted phenotype?
Cells that migrate as part of a group cling firmly to each other while adhering transiently to the substrate [1] . So, during migration, border cells show apicobasal polarity ( Figure 2B ) and remain attached to one another and to polar cells [12] . Cell contacts are enriched in the adherens junctions (AJs) components, DE-Cadherin ( Figure 2A ) and Armadillo (b-Catenin) (not shown). In electron microscopy (EM) preparations, border cells are tightly bound, whereas interfaces between border and nurse cells exhibit multiple interdigitations ( Figure S3 ).
In JNK-minus conditions, namely after Puc overexpression or in bsk (JNK) clones, cell polarity is disrupted and only remnants of apical markers, such as Bazooka (Baz), are present ( Figures 2F and 2J) . Adhesion is impaired, and DE-Cadherin and Armadillo are downregulated ( Figures 2E and 2K and not shown; Table S1 ). Reduction of JNK activity also resulted in b-Integrin accumulation at ectopic actin-rich protrusions (compare Figure 2C with Figures 2G and 2I ). These also accumulate MyoVI (compare Figure 3D with Figure 3H ), consistent with its role in force generation [13] . In summary, upon depletion of JNK activity, border cells lose apicobasal polarity and progress into a mesenchymal phenotype. Indeed, EM preparations show that border-border cell contacts are less tight than wild-type cell contacts and cell membranes detach from each other at multiple sites ( Figure S3 and Movie S3). The end result is a cluster with multiple leading edges and residual cell-cell contacts.
*Correspondence: embbmc@cid.csic.es Rho GTPases Signal to JNK and Promote Collective Cell Migration How does the JNK pathway become activated in border cells? Rho, Rac, and Cdc42 GTPases [14] are potential candidates. Loss of Rac completely abolishes border cell migration [15] . However, phenotypes for RhoA [16] and Cdc42 ( Figure 3A ) (expression of dominant-negative forms-RhoA DN and Cdc42 DN ) closely resemble JNK-minus induced dissociation. Furthermore, in Cdc42 DN , polarity (Baz; not shown), cell contacts (DE-Cadherin; Figure 3C ), and redistribution of substrate adhesion and motor markers (b-Integrin- Figure 3B and MyoVInot shown) are similarly affected. Most importantly, reporters of JNK activity such as Jun phosphorylation ( Figure 3A ) and the expression of the puc B48 transgene (not shown) are also downregulated. Null cdc42 MARCM clones display the same phenotype ( Figure 3E ), although frequency and penetrancy were very low. Therefore, a role for other GTPases, such as RhoA, in JNK activation cannot be ruled out.
Restoration of Apicobasal Polarity Suppresses JNK Loss-of-Function Cell Dissociation
Border cell clusters deficient for Baz (BazRNAi) [17] resemble JNK loss of function (which leads to Baz downregulation) and exhibit dissociation and downregulation of DE-Cadherin (Figures 4A and 4G) . Thus, Baz, a critical landmark of epithelial polarity [18] , could serve as an effector for the control of border-border cell contacts. To test this, we overexpressed Baz in cells lacking JNK activity (or expressing Cdc42 DN ) and found that it strongly rescued cluster integrity and DE-Cadherin expression (Figures 4B and 4G and Figure S4A ). No rescue was observed with other regulators (dMRTF, Mal-D, Dia; not shown) (reviewed in [19] ).
The Role of Integrins in Establishing and Maintaining Cell-Cell Contacts
Epithelial cells use a specialized repertoire of integrin receptors to mediate contacts and migration. However, border cells lacking b-Integrin were still able to adopt a leading migratory position [20] , although the effect of complete removal of integrins from the cluster has not been reported.
Interestingly, b-Integrin antibodies reveal a rosette staining in border cell clusters that colocalize with AJ markers (Figure 3C) . Thus, b-Integrin could participate in the stabilization or strengthening of cell contacts, as shown for amnioserosa [21] and larval epithelial cells (N. Ninov and E.M.-B., unpublished data) in Drosophila, mammalian keratinocytes [22] , and carcinoma cell clusters [23] . Furthermore, b-Integrin, after JNK inactivation, strikingly accumulates at the front of LCEs ( Figures 2G and 2I ) suggesting a second function in cell invasiveness, as observed in leukocytes [24] .
Direct evidence for b-Integrin involvement in border cell migration was obtained by RNAi in a sensitized JNK-minus condition. The expression of b-Integrin dsRNAs in border cells reduced b-Integrin levels but did not cause migration or integrity defects (not shown). However, in the presence of Puc, b-Integrin RNAi led to a strong enhancement of cluster dissociation and prevented the full extension of LCEs, which become mostly blunted (Figures 4H and 4I) . Moreover, an adhesion dominant negative (dib) integrin chimera [25] showed weak, but reproducible, dissociation phenotypes (not shown). Thus, b-Integrin turns out to participate in, first, the stabilization of border-border cell contacts and, second, the promotion of LCEs extension. The integrin countereceptors that facilitate border cell attachment and invasiveness are not yet known. We found that D-Paxillin was present in border cell contacts ( Figure 4C and [26] ) but downregulated in JNK-minus conditions ( Figure 4D ). Genomic-profiling analyses of JNK mutants (R. Leemans and E.M.-B., unpublished data) suggests a transcriptional control of D-Paxillin expression. However, other options, such as subcellular relocation after phosphorylation [27] , could also explain why D-Paxillin may be absent from JNK-minus border cells. We found that expression in border cells of two different D-Paxillin dsRNA lines [26] resulted in JNK loss-of-function-like dissociation, DE-Cadherin downregulation and b-Integrin accumulation at LCEs (not shown and Figures 4E and 4G ). Expression of a Talin RNAi line does not produce any migration phenotype, although it impairs follicle epithelia integrity (not shown).
Paxillin Expression in Border Cells
In migratory leukocytes, PKA-mediated integrin phosphorylation prevents Paxillin accumulation at the leading front. Paxillin-integrin interactions in lateral positions lead to the inhibition of Rac, whose activation is thus spatially limited to the leading edge where it induces lamellipodia (reviewed in [24] ). Consequently, D-Paxillin might stabilize b-Integrin in borderborder cell contacts. Its absence, in JNK-minus conditions, would lead in lateral and trailing cells to Rac activation, dissociation of border-border cell contacts, and extension of b-Integrin-rich ectopic lamellipodia. Indeed, the PKA-RII subunit is expressed in border cells [28] , and border cells mutant for PKA show migration defects [29] .
Interestingly, D-Paxillin overexpression rescued the border cell defect resulting from loss of JNK activity (or expression of Cdc42 DN ) ( Figures 4F and 4G and Figure S4A ). DE-Cadherin relocated to border-border cell contacts, and b-Integrin expression was partially eliminated from residual LCEs. D-Paxillin overexpression alone had no effects (not shown).
We further enquired whether the control of cell polarity and cytoskeletal adaptor proteins by JNK were related. Paxillin expression was strongly reduced in baz mutant conditions ( Figure S4B ), whereas Baz expression was only slightly affected by interference in Paxillin expression ( Figure S4C) .
A Model for the Control of Border Cell Cluster Integrity and Collective Migration
The movement of border cell clusters proceeds in two steps [30] . At an early stage, clusters move straight and quickly with leading cells highly polarized in the direction of migration. Midway through migration, this polarity gets less pronounced and the cells round-up and emit short extensions while moving more slowly. We postulate that the JNK signaling will be essential to keep the border cells together in this second phase.
JNK signaling regulates border cells clustering by controlling at least two key elements, cell polarity (Baz) and cytoskeletal adaptor proteins (D-Paxillin), and as a consequence cell-cell contacts and cell-substrate attachments (DE-Cadherin, Armadillo and b-Integrin) ( Figure 4J) . Interestingly, the overexpression of Hindsight (Hnt), a target and negative regulator of JNK, results in similar defects to those caused by inhibition of JNK ( [31] , this issue of Current Biology). Because re-expression of a variety of proteins (Baz and D-Paxillin in this study, DE-Cadherin and Armadillo in [31] ) can rescue the dissociation phenotype and given that each time rescue is achieved, DE-Cadherin and Armadillo expression are restored, a plausible explanation for the effects observed with JNKminus and Hnt overexpression is that there is an overall loss of multiple cell-cell adhesion complexes. The restoration of any of them would provide sufficient cell-cell adhesion to enable the cluster to move as a collective.
The individual migratory abilities of JNK-minus border cells could be partially explained by the observed b-Integrin relocalization to LCEs (border-nurse cell contacts). Alternatively, border cells could have lost their capacity to respond to positional gradients leading to random outward movements. Border cells use PVF and EGF to guide their migration. Blocking PVR and EGFR does not reduce the ability of border cells to extend protrusions but abolishes their directionality, with protrusions now extending in all directions [32] . However, in these conditions, border cell clusters do not dissociate [32] , thereby ruling Figure 4J ). This fact accounts for recently described synergistic effects of JNK and PVR signaling on border cells [10] .
Our model makes a significant prediction: JNK hyperactivation should increase adhesiveness and eventually block migration. Accordingly, we observed that the overexpresssion JNK controls the expression of Baz and Paxillin, which are necessary to keep cell-cell contacts stable and to prevent b-Integrin from incorporating at the free edges of lateral border cells, thus limiting cell motility. JNK signaling (by an unknown mechanism) also participates in PVR and EGFR signaling-mediated border cell guidance. In its absence, border cells become blind to guidance cues and directed migration is impaired. of a constitutively active form of Hep, the overexpresssion of a constitutively active form of Misshapen, or loss-of-function clones of puc resulted in nonmigratory and strongly compacted clusters ( Figures S5A and S5B and not shown). Occasionally, the death of a number of border cells was observed ( Figure S5C ).
So far, the molecular and cellular study of collective versus individual migration both in developmental and cancer models has mainly focused on the analysis of structural elements. The identification of the JNK cascade as a key determinant of migratory responses in border cells could have an important impact in the understanding of collective movements. Border cell migration could serve as a good model for studying migratory transitions, thus impacting on the understanding of cancer metastasis and invasiveness, during which so little is known about the signaling mechanisms controlling migratory behavior.
Experimental Procedures
Quantification of Migration Defect Stage 10 egg chambers were dissected in PBS and stained with X-Gal. For scoring the migration of border cell clusters, the egg chambers were divided in four regions: 0% of migration, <50% of migration, >50% of migration, and 100% full migration. For each genotype, more than 150 egg chambers were monitored. The number of clusters migrating into the different regions was counted and represented in histograms.
Quantification of Dissociation Defects
The dissociation phenotype of border cell clusters (percentage) was scored in stage 10 egg chambers. A border cell cluster was considered dissociated when at least one cell of the group was not tightly linked with the cluster. The data for different genotypes were represented in histograms.
Video Time-Lapse Recording of Border Cells
In vivo analysis of border cells migration was essentially performed as in [32] .
Supplemental Data
Additional Experimental Procedures, five figures, one table, and three movies are available at http://www.current-biology.com/cgi/content/full/ 18/7/538/DC1/.
